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1.5-INCH CHORD LEXGTH AND AN ASPECT RATIO OF 3 .O 

By E d m d  R. -1, Francis C. Schwenk, and 5- B. Watkins 

SUMMARY 

A transonic compressor rotor with double-circular-arc blade sections 
was designed and tested to investigate the aerodynamic effects  of using 

‘7 a short blade chord and a high aspect  ratio and to obta in   mre  blade- E element data. The design  total-pressure  ratio of this rotor was 1.35 at - ” a corrected  specific weight flow of 31.3 pounds per second per square 

J 0.5. This rep& presents the rotor  design, the o v e r - d l  performance 

foot   f rontal   area with the rotor  operating at a corrected  tip  speed of 
1000 feet   per second. The hub-tip  radius  ratio at the rotor inlet was 

based on mass-averaged  survey data behind the rotor, and the s t a l l  
characterist ics.  

At design speed, a peak rotor  efficiency of 0.91 w a s  obtained at a 
corrected  specific weight flow of 30 pounds per second per  squme foot 
f rontal   area with a mass-averaged total-pressure  ratio of 1.32. A t  speeds 
lower than design, the peak efficiency w a s  about 0.95. It was observed 
that the  blade elements near the rotor t i p  had the  greatest   effect  on the 
variations of mass-averaged efficiency  with  speed and weLght flow. 

Rotating s t a l l s  were observed at 50, 60, and 80 percent design speed 
i n  addition to a surge  characteristic at 80 percent  design  speed.  For 
this compressor rotor,  one or  two full-span rotating-stall zones were 
noted. Blade vibrations appeared to be greater  for  operation with two 
stall zones. 

One phase of the reseazch on d a l - f l o w  compressors f o r  aircraft tur- 

compressors wtthout compromising the efficiency  level.  For a given  appli- 
cation, the size and w e i g h t  of the compressor  can be reduced  increasing 

A bomacbinery has been directed  toward  reducing the size and weight of the 
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the flow capacity per unit of' f ron ta l  azea and by increasing the t o t a l -  
pressure r a t i o  per unit  of  compressor  length. Consequently, it was of Y 

primary  importance t o  study stages of Large flow capacity  capable of 
producing high pressure  ratios. 

The results of testtng  transonic mdd-flow compressors (refs. 1 t o  
3) have shorn that it is possible i n  one stage t o  produce high to ta l -  
preasure r a t io s  at high mass flms Kith no decrease in   e f f ic iency  over 
conventional  subsonic stages. References 4 and 5 have demonstrated  the 
f eas ib i l i t y  of ueing  high-pressure-ratio  transonic stages i n  multistage 
compressors i n  which the number of stages required t o  produce a given 
over-all compresaor pressure  ratio has been  reduced i n  comparison with 
the number of stages used i n  eubsonic  compressors.  Since most of the 
research  transonic compressors tes ted have been constructed  with  long- 
chord  low-aspect-ratio blading, transonic compressors  with high pressure 
ra t ios  and hi& flow capacities will be mom useful if t he i r  chord lengths 
can be reduced  without  ebffecting the efficiency levels. 

tn cu 
M 
In 
" 

A reduction of the chord length of a transonic compressor rotor  be- 
low the values for which there i s  some experience  involves  both structur- 
sl-and aerodynamic considerations. In this regort, the aerodynamic ef- 
fects of the use of a short chord  length in a transonic compressor rotor 
axe considered. Chord length will influence t o  some extent the losses 

..d 

(efficiency), the appl icabiu ty  of a simplified-radial-equilLbrium equa- 
t ion  t o  design and analysis, and the control of the blade shape in fabri- c 
cation. A change i n  chord length wi l l  affect   the losses through a change 
i n  the blade-chord Reynolds number, the velocity  gradients on khe surfaces 
of the blade elements and the three-dimensional  effects  (eecondary  flows 
and blade-end effects j .  The streamline curvature  should  increase  with 8 

reduction i n  chord length (increased  aspect  ratio) and thereby may become 
an  important  factor in  the  radial-equilibrium  equation.  Fabrication 
control of blade angles and thickness, w h i c h  i s  more d i f f icu l t  with small 
chord  lengths, may be important with respect t o  the performance  of high 
Mach number, high-pressure-ratio compressor rotors. 

Although all these aerodynamic e f fec ts  may exis t ,  it is  not ham 
whether they are important. Therefore, an exploratory  investigation of 
a 1.5-inch-chord  transonic  rotor was i n i t i a t ed  at the NACA Lewis labora- 
t o r y  t o  study the aerodyllEbmfc ef fec ts  of' a reduction i n  chord length 
below current values. 

The 1.5-inch-chord  transonic &al-flow compressor rotor waa designed 
for  application i n  the inlet   s tage of multistage compressors  of current 
interest .  The rotor-inlet  relative Mach number at the t i p  and the rotor- 
t ip   a i f fus ion   fac tor  were set at values that have previously been em- 
ployed; a design corrected  t ip  speed of 1000 feet per second was selected. 
For theae  specifications and f o r  a rotor-inlet  hub-tip radius r a t i o  of 
0.5, the design  corrected  specific  weight flow i s  31.3 pounds per second 

* 
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per square foot of f rontal   mea,  and the design  rotor  total-pressure  ratio 
i s  approximately 1.35. The aspect  ratio of the rotor blade (based on the 
i n l e t  blade height) i s  3.0 f o r  an  18-inch ro to r - t i p  d i e t e r .  Double- 
circular-arc airfoils were chosen f o r  the blade sections. 

This report  presents  the  rotor  design  procedure, which includes  an 
estimation of the radial variation of blade-element  lossea. Preliminary 
information  regarding the aerodynamic characterlst ics of the  1.5-inch- 
chord transonic compressor rotor is presented as the mass-averaged over- 
a l l  performance  and radial variations of rotor-inlet  and -outlet  flow 
conditions.  Since  rotating stalls can  cause  blade-vibration  problem, 
these characterist ics were investigated wtth hot-wire anemmters and 
are  presented  herein. Blade vibrations were quali tatively observed with 
the aid of a magnetic vibration  pickup. 

CoMpRESs(3R DESIGN 

General Considerations 

A transonic compressor rotor of short  chord  length and high aspect 
r a t i o  was designed fo r  application in an i n l e t  stage of current multi- 
stage, axial-flaw compressors. The basic  design assumption made was that 
the design  procedure  derived  from past experience with long-chord tran- 
sonic  compressor rotors would be applicable t o  the  design of a transonic 
compressor rotor  of short  chord length. Specifically, it was assumed tha t  
the simplified-radial-equiuillbrium concept would adequately  predict the 
r a d i a l  distribution of the rotor-outlet  flaw conditions, that the blade- 
element,approsch t o  blade selection would be correct, and that the 
diffusion-factor  analysis of reference 6 would apply t o  the  estimation 
of the blade-element  losses. 

The design  characteristics  (or  velocity diagrams) were selected  to  
be . in  the range of conditions  for wbich high-efficllency  operation had 
been experienced i n  the past. The design  calculations  considered a radial 
variation  in  the  relst ive  total-pressure-loss  coefficient and the 
aerodynamic characterist ics of an axial-discharge s ta tor  row. The rotor  
was designed f o r  a radially constant  total-pressure  ratio. 

The design  velocity diagram were computed &Long e t r e m  surfaces 
generated  by  rotating assumed streamlines i n  the n-plane &out the rotor  
a x i s .  For  simplicity,  the  streamlines that l i e  i n  the rz-plane were 
assumed t o  b= straight l ines  wbich divide  the  annulus  height  into  equal- 
percentage radial increments at the i n l e t  and out le t  a€' the blade raw. 
Seven streamlines were used t o  describe the design flaw conditions. 

00 the basis of past  experience with transonic campreasor rotors, 
the ro to r   t i p   so l id i ty  (chord spacing ratio) was se t  approximately  equal 
t o  1.0 (final ro tor - t ip  aolidity  equaled 0.95). 
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Design Rotor-Wet  Conditions and Weight Flow 

A moderate corrected t i p  speed of 1000 feet per second was selected, 
because it was then  possible  to  obtain a relat ively high total-pressure 
r a t i o  and high specific weight flow for   re la t ive  inlet Mach numbers Fn 
the  range of values which have  been  used previously. For t h e  purposes of 
t h i s  investigation, t he  design  value of rotor-inlet   relative Mach  number 
w a s  set at 1.15 a t  the t ip .  (This value  should  not be construed as a 
limiting Mach number.) It was decided that no guide  vanes should be used 
(axial  inlet velocity), and the  inlet  hub-tip radius r a t i o  was taken as 
0.5. 

Results of a , t e s t  program conducted i n   t h e  same research  faci l i ty   as  
was used f o r  t h i s  investigation  revealed the  presence of a radial varia- 
t i on  of inlet  absolute Mach number for zero  prewhirl. This radial gradi- 
ent, sham in  reference 7, w&6 util ized  in  specifying the design  inlet 
conditions  for  the  1.5-inch-chord  transonic compressor rotor..  The test  
results reported  in  reference 7 a l s o  provide a value of 0.985 for the 
wall-boundary-layer  blockage factor at the rotor inlet. 

The preceding  conditions  fixed the design  corrected  specific weight 
flow at 31.3 pounds per  second  per  squwe foot of frontal   area.  The c a l -  
culated  absolute inlet Mach number  was 0.62 a t  the mean radius, which 
corresponds t o  a velocity of 666.5 f ee t  per second at NACA standard 
conditions. 

Annulus-Area Variation and Preliminary  Velocity-Diagram  Calculation 

Before proceeding with the calculation of the  design  velocity dia- grams, the  annulus-area  variation  or hub contour f o r  a constant-tip- 
diameter stage was established. By eetlmating the  stage  (rotor plus sta- 
tor)   to ta l -pressure  ra t io  and efficiency,  the  stator-outlet hub radius 
(5.19 in.)  was calculated fm atl -id. discharge  velocity of 600 feet per 
second. From an  assumption of the axial. depth of the  stage, a curve was 
faired between the  existing inlet hub section and the  stator-outlet  sta- 
tion. Downstream of the s ta tors  a constant hub radius was maintained. 
Since the fairing  process was somewhat arbitrary, the hub-contour  curve 
served only a8 a guide i n  the selection of a rotor-outlet hub radius that 
would provide  desirable  rotor and s ta tor  blade-element  loadings (diffusion 
factors 1. A preliminary  calculation of the design velocity diagrams de- 
termined the  desirabie  value  for  the  rotor-outlet  hub radiue and the  ap- 
proximate ro tor   to ta l  pressure fo r  a t i p  diffuaian f a c t a  of 0.4. An 
assumption of radially  constant  efficiency  facilitated the calculation. 
(Ref. 2 gives an example of t h i s  type of velocity-diagram  calculation. 1 
The efficiency was a rb i t r a r i l y   s e t  at 0.96, a reasonable  value f o r  the 
flow outside  the wall-boundary-layer regions. As a reeult of the  pre- 
liminary  design,  the  rotor-outlet hub radius was set at 5.00 inches at a 
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proposed  measuring station  about  l/Z-inch downstream of the rotor  disk. 

could be obtained for a t ip   d i f fus ion   fac tor  of 0.4. 
.L It was also  indicated that a rotor  total-pressure  ratio of about 1.37 

Final Velocity-Diagram Calculations 

The results of t h e  preliminary  calculation served as the starting 
CN 
UI 
0, 

point  for the more detailed design procedure, which includes  the  radial 

was maintained. 
Lu variations of the  rotor  losses. A constant  rotor  total-pressure  ratio 

Blade-element losaes "" - ") f o r  the hub, mean, and t i p  (z = PA - p3 
sections of the rotor  were selected from the data of  reference 6 and were 
based on values of diffusion  factor computed i n  the constant-loss solu- 
tion. By plott ing these losses  against  radius [fig. 21, the blade-element 
losses  for other sections were determined. 

With the design values of blade-element losses given, the radial 
variation of total-temperature ratio can be c q u t e d  by the following 
equations, which are derived in   reference 6. (All symbols are defined 
i n  appendix A, and a typical  velocity diagram is shown in  fig. 1. ) The 
blade-element  recovery factor  R.F. can be writ ten as 

4 

d 

in which all quantities refer t o  a streamline or a blade element. The 
ideal r e l a t ive  total-pressure r a t i o  (PgPi  is created by the radius 
change of the  streadhe and is 

Y 

From the def ini t ion of recovery  factor, 



6 mACA RM Es4L31 

Thu, t h e   t o t a l   s t a t e   f o r  each radial   posit ion downatream of the rotor 
can  be  determined. 

The rotor-outlet  tangential  velocity is given by 

2 

%4 = "(2 &o 3 - .> 
The static  conditions  (or  velocit ies) must satisfy  the  prescribed 

simplified-radial-equilibrium  equation (3 = e "'), which mainly predfcta 

a gradient, and the  continuity  equation, which establishes  the  level of 
the  static  conditions. 

@ ; r  
- 

ii- 
The following  calculation  procedure  indicates one of perhaps many 

methods available t o  determine t h e   s t a t i c  state {or veloci t ies) .  By in- 
tegrating  the  simplified-radial-equilibrium  equation,  the following 
equation results: .. . - 

. " 
v 
. .  

J r4 

".he values of s ta t ic   densi ty  p4 and s t a t i c  pressure p4 axe both un- 
known and are  interdependent.  Consequently, the solution of equation (1) 
requires  an  i teation  process.  

The cakula t ion  of the e t a t i c  pxeesurea .by -equation (I) started with 
. " " 

the assumption of a static-pressure variation, baeed upon the  results of 
t h e  preliminary  constant-loss  design study. Static  denait ies p4 were 
were computed from 



NACA RM E54L31 - 7 
L 

By means of a step-by-step  numerical  integration of the   r igh t   s ide  . 
I of equation (l), a new static-pressure  variation w a s  deter-ed with  the 

general   level of the results established by the  value of the  assumed 
s ta t ic   pressure at the   t ip   o r   ou ter  wall The. computed s ta t ic -  
pressure  variation w a s  then used as a second trial, and the  process re- 
peated.  Fortunately,  the  solution of equation (1) converges  very  rapidly 
t o  correct  values of static  pressure;  therefore,  generally, no more than 
two i t e r a t i o m  should  be  required t o  determine the  simplified-radial- 
equilibrium  static-pressure  distribution  accurately. Cn 

w 
e\ a 

The leve l  of the  rotor-outlet static pressures p4 must sa t i s fy   t he  
continuity  concept 

w3 = w4 = 23rK4 P4&, 4r4&4 

where the boundary-layer  blockage factor  Kq (defined i n  ref. 5) was as- 
sumed t o  be 0.96, a value  taken from transonic single-stage compressor 
test results. The axial velocity V was  defined as 

z,4 

Inherent i n   t h i s   de f in i t i on   fo r  axial velocity is the assumption that the 
radial component of the  veloci ty  is negligible. The out le t  weight  flow 
w a s  computed fo r   t he  static pressures  given by equation (11, and the   l eve l  , 

of the  rotor-out le t   s ta t ic  pressrzres was adjusted until the  rotor-outlet  
weight  flow W4 equaled the in l e t  weight  flow W3. In this process,  the 
variation of s ta t ic   pressure was maintained  parallel  to  the  static-pressure 
distribution  given by equation (1). Finally,  the  static-pressure  varia- 
t ion  that   sa t isf ied  cont inui ty  was checked against  simplified radial 
equilibrium (eq. (I)), since  the  level  of s ta t ic   pressure w i l l  affect  the 
gradient   to  some extent. The result ing  static  pressures,  which satisfied 
both  equilibrium and continuity,  permitted  the  calculation of the  rotor- 
out le t  vector-diagram components. 

The variable-loss  design  calculations gave a variation of rotor- 
outlet  axial  velocity  with  radius; t he  axial velocity at t h e   t i p  was 
lower than  that at the  hub. As a consequence, the  result ing  rotor-t ip 
diffusion  factor D was about 0.42 for  a total-pressure  ra t io  of 1.37, 
compared with  the  diffusion  factor of 0.40 f o r  the constant-efficiency 
design a t  the same total-pressure-ratio level. In  order t o  reduce  the 

r a t i o  was  set at 1.35 (radially  constant), and the  velocity diagrams w e r e  
recomputed according t o  the preceding method. The design data for  a 
total-pressure  ra t io  of 1.35 are given i n  table  I. 

LI rotor-t ip  diffusion  factor  to a value of 0.40, the design total-pressure 

I 
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The design  total-pressure  ratio -of 1.35 represents a free-stream 
value  and i s  somewhat higher  than  the  expected  average total  pressure, I 

which would include  the  deficiency of total   pressure  in  the w a l l  boundary 
layers. A free-stream  mass-averaged  efficiency was computed t o  be 0.93; 

efficiency that includes  wall-boundaxy-layer ef- again,  an  average rotor  
fec ts  should  be  several points lower  than this  value. 

Blade Selection 

A compressor blade is designed by radially  stacking  blade  elements 
or  sections which are selected t o  produce the  desired aerodynamic per- 
formance. Double-circular-arc a i r f o i l s  were chosen as the  blade  sections. 
The complete specification of the  blade  sections  required assumptions--of 
incidence and deviation  angles and blade  thickness, which depend, i n  part, 
on the   so l id i ty  of the  blade row. Therefore,  determination of the chord 
length, t i p  diameter, and the number of blades was established 88 the 
f i r s t  step  in  the  blade  selection. 

Q) 

Blade sol idi ty .  - A chord length of 1.5 inches,  constant  over  the 
blade  span, was chosen - a value  representative of chord lengths  uti l ized 
i n  subsonic,  multistage,  axial-flow  campressors.  High-aspect-ratio  blades 6 -  

(long span and short  chord) were a l s o  desired,  but  the span of the  blades - 

w a s  l imited by the  air-flow  capacity of the test  f ac i l i t y .  For an inlet 
hub-tip radius r a t i o  of 0.5, the  air-flow  capacity  fixed  the t i p  diameter w 

at 18 inches. The nuniber of blades was set at 35 to provide a sol idi ty  
of about 1.0 at the  rotor   t ip .  The aspect   ra t io   for  this configuration 
is  3.0 based on the  blade  span at t he   i n l e t  of the rotor. 

- 

Design incidence  and  deviation angles. - Design  incidence angles 
(assumed to be the min im- loss  incidence angle) were estimated with the 
a id  of available  rotor-blde-element  data.  The'design  incidence angle 
was se t  at 3O at t h e   t i p  and 60 at the .hub and varied  l inearly over the 
blade  span. 

Incompressible,  potential-flow  theory  requires  negative  design  inci- - 

dence angles for  cascades  having  the  high camber  of a rotor hub section; 
however, rotor test data show that minimurn-loss operation  occurs at posi- 
t i v e  incidence  angles.  Analysis of the charinel area  variation (along the 
flow  path)  for  blade  sections  near  the-hub of rotors  reveals that the 
incidence  angle must be  posit ive  in order t o  avoid choking with  operation 
at high subsonic  .values of inlet re la t ive  Mach number. On this  basis,  
the  high  hub-section  design  incidence  angles are reasonable. 

. -. 

Deviation  angles were computed from C a r t e r ' s  rule  (ref.  8) .  Examina- 
t i on  of available  brade-element data f6r .dbuble-circular-arc a i r fo i l8  in .d 

arrnulax cascades  (rotors and s ta tors  1 (e. g . ,  refs. 7 and 9)  indicated 
that Carter's rule was a reasonable  design  apgroach  for  rotor  blade - 
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sections between t h e   t i p  and mean regions. For the  sections  near  the hub, 

to 20 over the  values computed from C a r t e r ' s  rule. The design  values of 
incidence and deviation  angles are given in  tab le  I. 

- the  design  values of deviation  angle were arbitrari ly  increased about lo 

Y 

Blade thickness. - A t  the t i p  of the rotor, the maximum blade  thick- 
ness was  set at 6 percent of the chord  length as a result of previous 
experience  with  transonic  campressor  rotors. The maximum thickness  for 
the blade element d o n g  the  hub stream surface  (blade  root) was set a t  
about 10 percent of the  chord  length. The choice of hub-section  thickness 
was based on structural  considerations and calculations of the  channel 
a r e a s  between two adjacent  blade  elements. The maximum thickness was 
varied  hyperbolically a long the blade span  because of stress requirements. 

For each  blade  element,  the  leading-edge  radius  equaled the   t ra i l ing-  
edge radius. The radii at the   t ip   sec t ion  w e r e  set a t  0.010 inch, w-hich 
should allow good performance a t  high Mach numbers and  cause no fabrica- 
t i on  difficulties. To ease blade-root stresses, lazge  leading- and 
trailing-edge radii for   the  hub section  are  required; however, a limit is 
reached. when channel  areas and  choking are considered. As a consequence, 
t h e   r a d i i f o r   t h e  hub section were set a t  0.020 inch.  kadlng- and 
t ra i l ing-  edge r a d i i  w e r e  varied  l inearly over the  blade  span. 

Specification of blade  sections  for  fabrication  purposes. - Since 
the  design performance was computed for flow d o n g  conical  stream sur- 
faces,  the  blade  sections  were-considered t o  l i e  on the stream  surfaces. 
For fabrication of  the  rotor  blades, it w a s  necessazy t o  provide  section 
coordinates  for  constant-radius.  cross  .sections of the blade (sections 
tha t  l i e  on a cylindrical  surface). One procedure fo r  providing  such 
blade  coordinates entails a Gaphical  interpolation of the  blade-section 
coordinates that l i e  on the  coriical  stream  surfaces. 

In  the  case of this  design a somewhat sfmpler method w a s  used t o  
specify  the  blade  for  fabrication. The desired inlet and out le t  mean- 
camber-line  angles of the blade sections on conical  surfaces (as deter- 
mined from the  design  relative a i r  CiTrections and incidence  and  deviation 
angles) w e r e  converted t o  mean-camber-line angles of blade sections on 
cylindrical  surfaces  according to equation (B6) (appendix B). Double- 
circular-arc  airfoil  coordinates w e r e  then  calculated  for  the  blade-inlet 
and -outlet mean-camber-line angles on the  cylindrical  surfaces, and the 
rotor  blade was fabricated from these  blade  sections. 

With t h i s  procedrire  blades  can  be  produced that have t h e  desired 
blades  angles  for  sections on the assumed stream surfaces; however, the 
blade  elements w i l l  not  generally be the desfred shape  (double-circular- 

actual  blade  shape and the  desired  blade  shape  (as regards the camber- 
l i n e  shape  and  thickness  distribution) w i l l  be s&. 

L a rc   a i r fo i l s   i n   t h i s   ca se ) .  In most cases,  the  differences between the  

- 
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The  blade  mean-camber-line  angles  were  measured  from a completed 

blade for cross  sections  approximating  the  sections of the  blade  that  lie 
on stream  surfaces of revolution.  The  results of this  measurement ae well 
as the  design  blade.  angles  are  shown  in  figure 3. Analysis of the  blade- 
row performance  is  based on the  measured  blade  angles. 

Compressor Emtallation 

The  short-chord  transonic  compressor  rotor was installed  in a 
variable-component  test rig. Figure 4 shows a sketch of this inetalla- 
tion, and figure 5 is a photograph of the  compressor  rotor. A 3000- 
horsepower  variable-frequency  motor in conjunction  with a speed-increasing = 

gearbox  supplied  power  to  this  compressor  rotor. Tests conducted on 
the  rotor used atmo8pheric air drawn through a thin-plate  sharp-edged 
orifice  into a depression  tank. B e  air  entered  the  test  compressor  from 
the  depression tank through a bellmouth.  The  conpressor  discharged  the 
air in to  an annular passage,  which  connected to a radial  diffuser  that 
led to the  laboratory  exhaust  system. 

Instrumentation 

co 
rr) 
s: 

A thin-plate  sharp-edged  orifice m s  used to measure  the  air flow 
through the  compressor.  Pressure drop across  the  orifice was indicated 
on a micromanometer.  Orifice  temperature  was  measured by two  iron- 
constantan  thermocouples. 

The  location of the  instrumentation in the  test  rig  is shown in 
figure 4. Btation 1 is located  in  the  depression  tank (4 ft in diam. 
and  apprcximately 6 ft long) ahead of the  test  section  and ie not  shown 
in  figure 4. Statim 2 and 3 are 1.52 and 0.33 inches  upstream of the 
rotor disk, respectively.  Station 4 is  located 0.51 inch  downstream of 
the  rotor. 

Inlet  stagnation  conditions  were  determined  from six total-pressure 
probes  and six total-temperature  probes  located  at  centers of equal annu- 
lar areas in the  depression tank. At station 2, a five-tube  radial L 
static-pressure  probe (fig. 6(a)) measured  the  static-pressure  variation 
across the annulus in conjunction  with four outer-wall and four inner-wall 
static-pressure  taps  spaced  approximately  equally around the  circumference. 
The  instrumentation  at  station 3 consisted of f o u r  outer-wall  and four 
inner--  static-pressure  taps  equally  spaced around the  circumference. 

c 

Rotor-outlet  conditions  were  obtained  by  radial  surveys of static 
and t o t a l  pressure,  total  temperature,  and flow angle  at  station 4. These 
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surveys were made by the two types of instruments shown i n  figure 6(b) 
and (c> . Three combination  probes were spaced  circumferentially and were 
used t o  measure flow angle, t o t a l  pressure, and t o t a l  temperature. Each 
probe  obtained data a t  l l  radial positions  across  the  4-inch pasgage. 
Static  pressures were obtained by two circumferentially  spaced wedge 
static probes. Each w e d g e  s t a t i c  probe measured. static  pressures a t  only 
six of the ll radial positions mentioned previously. The distance from 
ei ther  wall t o   t he  first static-pressure  survey  station was equal t o  1 6  
percent of the passage  height.  Data from survey  probes were averaged at 
each radial position, and then  the  static  pressures and t o t a l  temperatures 

CN 
v[ 
R) 
0) w e r e  corrected  for   local  Mach number effects.  

The flow  fluctuations of rotating s ta l l  were detected  with  constant- 
temperature  hot-wire anemometers. The  anemometer probes were made with 
0.0002-inch-diameter tungsten  wire  with  an  effective  length of 0.08 inch. 
Observations w e r e  made with a --beam oscilloscope. The auxiliary 
equipment used is that discussed in  reference 10. Two hot-wire-anemometer 
probes were instal led in  radially  traversing mechanisms about 112 inch 
downstream of the  rotor   (s ta t ion 4) .  Three  survey  locations on the  c i r -  
cumference were used t o  vary  the angle between the  two probes t o  permit 
the  determination of the  number of stall  zones (ref. ll}. 

Over-All Performance Tests 

m e  rotor  was operated  over a range of weight flow a t   co r rec t ed   t i p  
speeds of 600, 700, 800, 900, and 1000 feet per second. Maximum w e i g h t  
flow was  limited by pressure  ratio at the lower speeda  and rotor  or  system 
choking at the  higher  speeds. Minimum w e i g h t  flow investigated at all 
speeds was limited by blade vibrations. The vibrations were detected on 
an oscilloscope which was  connected t o  a magnetic-type vibration pickup 
mounted on the  casing a smal l  distance upstream of the  leading edge of 
t he  compressor. 

The depression-tank  pressure was maintained  constant a t  20 inches of 
mercury absolute.  Depression-tank  temperatures  varied  from 65O t o  85O F, 
depending on the ambient temperatme  of  the test ce l l .  The blade-chord 
Reynolcb number at design speed a d  at t h e   t t p  of the  rotor was approxi- 
mat ely 500,000. 

Over-all rotor performance  vas  obtained by mass averaging  the  blade- 
element  performance at s ta t ion  4 as  outlined i n  reference 7. 

Rotating-Stall  Characteristics 

After rotor performance data had been obtained,  hot-wire anemometers 
were used to   invest igate   the stall  patterns  behind  the  rotor  for 50, 60, 
and. 80 percent of design  speed. The  number of rotating-stall  regions was 
determined  by the methods described in reference 11. 



12 

RESULTS AMD DISCUSSION 
I 

Over-All Performance 

The over-all performance of the  1.5-inch-chord  transonic compreesor - .  

" 

- 

rotor is sham i n  figure 7. Mass-averaged total-pressure  ratio and m6s- 
averaged  adiabatic  temperature-rise efficiency"&+ plotted  againit  equiva- 
len t  weight  flow  per unit frontal   area W@/6Af for  corrected  t ip speeds 
of 100, 90, 80, 70, -and 60 pm-Fent of design. 

. - . - ." 

. " . . . . . . - 
02 
N 

" u3 Weight flow. - A t  design  speed,  the rotor choked at design weight- . " 
flow as indicated-by €he ver t ica l  performance l ine   ( f ig .  7 ) .  The rotor 
might have been made t o  operate i n  arz unchoked condition at design we3ght 
f low by selecting  higher  design  incidence  angles for &-blade s e c t i k . ,  
thus increasing  the  blade  passage  =ea. .. . . .. 

. "" 

- ." 

- 

The weight-flow  range  investigated  de.creased as the Mach  number . 

(rotor speed) increased. For example, at a t i p  speed of 600 feet   per 
second, the  weight-flow  range w-as approximately  11.3 pounds per second 
per square foot; while a t  design  speed, the rmge had decreased to about . .  

3.5 pounds per second per  square  foot  (fig.  7).  Further comparison of 
weight-flow  range  can  be made from figure 8, where the mass-averaged work 
coefficient and a maw-averaged temperature-rise  efficiency m e  piotted 
against a mean-radius flow coefficient cp = (Vz,3/U3)m. Figure 8 indicates 
tha t  weight-flow  range is res t r ic ted  at both  high and low values of flow 
coefficient cp as speed i s  increased.  Figure 8 also  indicates  that  the 
mass-averaged work coefficient AE/$ i s  not  constant  with changes in 
speed.  This  compressibility  effect, which is associated  with  high total- 
pressure ratios,  has  been observed  with  other  high-pressure-ratio  tran- 
sonic compressor rotors  (e.g., ref. 7) .  

" . -  

. .. . -  

V 
- 

Pressure  ratio and efficiency. - The peak measured adiabatic effi- 
" 

ciency a t  design speed was 0.91 with a corrected weight f low of 30 pounds 
.. . .- - 

per  second  per sq&e f o o t  and a total-pressure r a t i o  of 1.32. The-dif- 
ference between the experimental  values of mass-averaged efficiency and 
total-pressure  ratio and the  design  values may be due in   par t   to   the  
losses  encountered in   t he  blade end regions. The design v d u  6 0.93 
for  efficiency and 1.35 f o r  total-pressure  ratio,  were calcula eL' ed on the 
basis of blade elements without  considering  boundary-layer o r  w a l l  effects.  - 

. 

. " - . . " 

. -  

!The peak efficiency a t  speeds lower than  design  speed was approxi- 
mately 0.95.- "" .." I I -.-- " ""_. -.- - , .. .. . - "- 

. ." 

Rotor-Inlet Conditions - -. 
L 

The computations of inlet conditions wer.e pade w3th the  absolute 
inlet  velocity considered .axial in direct ion (no inlet guide vanes). The 

- 
." - - 
1 
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static-pressure  variation along the radfus at the rotor m e t  (s ta t ion 3) 

trend similar t o  that recorded from the inlet static-pressure  rake (sta- 
t i on  2).  The procedure was  considered  justifiable,  because there was only 
a s m a l l  difference between the w a l l  stat ic   pressures   a t   s ta t ions 2 and 3. 

4 was fa i red  between the  outer- and i n n e r - w a l l  s tatic  tap  readings  with a 

To represent ro to r - in l e t  (and robr-out le t )   condi t ions  a t  60, 80, 
and 100 percent  design ssed, three test points w e r e  selected at each 
speed. These test  points  represent high weight flaw, maxim  pressure w cn 

m nJ ratio,  and  maximum-efficiency operation of the ro tor .  

Figure 9(a> shows the variation w i t h  radius of the r a t i o  of inlet 
absolute Mach nude r  t o  inlet   absolute Mach  number at mean radius 
(M3/M3,m). The design variation of inlet  absolute Mach number was deter- 
mined from previous  tests  using about the sane inlet  configuration, Com- 
parison between  measured and design  values of inlet absolute Mach number 
was very good except at the low flow occurring at 60 percent design 
speed. This is probably  an  effect of radd redis t r ibut ion of flow 
through the rotor due t o   s t a l l i n g  and poor flaw conditions at the rotor 
t i p .  

Comparison of measured  and design  relative inlet Mach numbers can 
be made from f igure 9[b 1. The radial slopes of the curves measured for  
values of re la t ive  inlet kch number M.5 campare very well at design 
speed, especially at maximum weight flaw, although the values  are dif- 
ferent.  The difference i n  leve l  between design and measured values of 
r e l a t ive   i n l e t  Ma& number for  peak-efficiency  operation is  r e f l ec t ed   i n  
the luwer than  design w e i g h t  flow. As the speed is lowered, the b l e t  
re la t ive  Mach number gradient is reduced. 

1 

Figure 9(c> shows the variation of rotor- inlet   re la t ive sir angle 
Sg w i t h  radius. The design-air-angle  variation and meaured blade-inlet 
angle y-g (repeated from fig. 3) a re  a l s o  shown. A t  design speed, the 
variation of the ro to r - in l e t  re la t ive  air angle that most nearly matches 
the design  value is  obtained a t  thexchoked-flow point - a fur ther  indi- 
caeion that the  design  values of incidence angles w e r e  too low t o  allow 
the passage of the  design w e i g h t  flow. 

Rotor-Outlet  Conditio-ns 

Figure 10 presents the rotor-outlet  conditions as computed from the 
survey  instrument measurements a t  s ta t ion  4. The data s h m  are  the ra- 
d i a l  variations of blade-element  total-pressure r a t i o  and temperature- 
rise  efficiency,  rotor-outlet  Mach number, and rotor-outlet  absolute flow 
direction f o r  the same test  points  discussed i n  the  section  Rotor-Inlet 

- 
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Conditions. The predicted  design  radial  variations  of.  rotor-outlet con- 
d i t ions   a re  a l s o  given in  figure lO(a) along with the experimental  varia- L 

t ions  for   operat ion of the  rotor  at   design speed. 

Efficiency. - The radial   var ia t ions of efficiency show that the blade 
elements  near  the t i p  have the  greatest   effect  on the variations of the 
mass-averaged efficiency with speed and weight flow. Dmt is, considera- 
t i on  of the mass-averaged peak-efficiency  opaation  point  for  each  speed 
shown i n  figure 10 indicstes that the blade-element  efficiency  near the 
hub and a t  the mean ra&Lus does not vary much with speed. On the  other 
hand, the blade-element efficiency  near the t i p  does vary with speed, as 
sham by comparison of the blade-element efficiencies for 80 and 100 per- 
cent of design speed. . -  A t  & glYen spegd, emcTeni5y ~i6f-iationi"wLth XFigh-" 
flow a re  most apparent  for the blade  elements  near  the  .tip. 

Over a large  portion of the passage, the  predicted  design radial 
variat ion of blade-element  efficiency  agrees with measured var ia t ion  for  
mass-averaged  peak-eff  iciency  operation at design speed. " . " 

...  2 

Pressure  ratio.  - Figure 10 shows that  the la rges t -var ia t ion  of 
to ta l -pressure   ra t io  with weight flow (at constant  speed)  occurs  near  the 
t i p  of the  rotor.  mis character is t ic  has been observed previously 
(ref. 7 )  and can  be explained on the basis of the velocity diagrams, a8 
is done i n  reference 7. 

rl 

. 
A t  design speed, the measured total-pressure  ratfo is approximately 

constant over the  major portion of the passage height for operation a t  
the mass-averaged peak-efficiency point. IIzle fa l l -of f  in total-pressure 
r a t i o  near the  inner and outer w a l l s  is probably  caused by wall boundary 
layers and other end effects. The measured total-pressure-ratio level 
(at design  speed and  peak efficiency) is s l igh t ly  lower than the design 
value of 1.35. . ." 

Rotor-outlet  absolute  flow  angles and Mach numbers. - Compared w i t h  
the   var ia t ion of the  design  rotor-outlet flow angle,  the measured results 
(fig. l O ( a ) >  indicate a smaller radial variat ion  in   the  central  or free- 
stream portion of the passage (for peak-efficiency  operation at design 
speed). N e a r  the  outer wall the  measured angles increase rapidly from 
the free-stream  values; this is an  indication of wall-boundary-layer e l -  
fec ts .  A t  the  lower speeds, there is a laYger radial var ia t ion   in   ro tor -  
ou t le t  flow angle  than  at  design speed. - .  

The measured absolute &ch number variation  (at   design speed and 
peak efficiency,  fig. l O ( a ) )  agrees  closely w i t h  the  design  variation, 
although the  measured l eve l  i s  lower than  the design level .  
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The design of a set of s ta tors   for   th i s   ro tor  would not  be  too  dif- 
I f i cu l t .  If the   s ta tors  w e r e  designed t o  znatch the flow a t  peak efficiency 

and design  speed of the  rotor,  t h e  inlet-s ta tor  Mach number would not ex- 
ceed 0.7 and the inlet angle would be approximately 30°. 

Rotating-Stall  Characteristics and Blade Vibrations 

Observations of rotat ing-stal l   character is t ics  were made with  hot- 
wfre anemometers at several   corrected  t ip speeds.  Figure ILL, a portion 
of the mass-averaged  over-as1  performance map (fig. 71, indicates  the 
operating  ranges  over which the  various  unsteady  flow'phenomena were ob- 
served at 60 and 80 percent of design speed. The letters on figure ll 
denote the beginning of a particular  type of unsteady f l o w  phenomenon f o r  
decreasing  weight flow. ." 

Blade vibrations  sensed by a magnetic  vibration  pickup were also 
observed on an oscilloscope. The vibration  information is  only qualita- 
t ive,  however, because  an  accurate  calibration of the  vibration pickup 
was not possible. 

4 A t  high  weight  flows a t  60 and 80 percent of design speed, blade 
wakes could be observed  over the  ent i re  span except i n  small regions  near 
the  inner and outer w a l l s .  Ne= the w a l l s ,  ak-flow fluctuations of a 

proached by decrees- the w e i g h t  flow, the  region of unsteady flow near 
the  rotor  t ip  increased in  extent  unti l   about 10 percent of the  passage 
was affected at the  peak-pressure-ratio  point on each  speed  curve 

1 random natiire w e r e  detected. As peak-pressure-ratio  operatfon was ap- 

(fig. ll). 
A further  decrease in w e i g h t  flow at 60 percent of design  speed led 

t o  a rotating-stall   condition at point A (fig. 11). Two s ta l l  zones were 
observed rotating in  the  direction of rotor   rotat ion at an  absolute  speed 
of 79 rps. The stall  zones covered the   en t i re  blade span. The amplitudes 
of the  t races  on the  oscilloscope w e r e  constant  for a l l  radial   posit ions 
of the  hot wires (except  Close t.o the w a l l s ) .  Blade vibrations were also 
present, as indicated by the  magnetic  vibration  pickup. 

A t  point B (60 percent of design  speed) a single,  full-span  rotating- 
stall zone was observed. The absolute stall speed was 75 rps  in the  di- 
rection of rotor  rotation. The blades  vibrated.at  this  condition,  but 
the  vibrations w e r e  not so  great as those  noted at point A. 

For w e i g h t  flows lower than that  at point B at 60 percent of design 
speed, the  single stall  zone was stable;   that  is, the  type of stall, num- 

circumferential  extent of the s t d l  zone increased  with  decreasing weight 
flow. 

c ber of s ta l l  zones,  and  st&-zone speed  did  not alter. However, the  

I 
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A t  paint C ( f ig .  ll, 80 percent of design speed), a flow  fluctuation 
caused the two hot-wire anemometers t o  produce oscilloscope  traces which 
were always i n  phase regardless of the  circumferential  spacing between the 
two probes. This phenomenon w a s  as axial pulsation, or  surge, and not a 
periodic  rotating-stall  conditiun. The frequency of the  pulsation was 36 
cps. The surge  pulsations were greatest   near  the  t ip and had an  amplitude 
of nearly  zero at the mean and lower rad i i .  

The characterist ics of the  surge phenomenon (frequency and operating 
condition at which it appears) depend on the volumes and resistances of 
the  par ts  of the air-flaw system.  Therefore, if t h i s  rotor bad been 
t e s t ed   i n  a different  research f a c i l i t y ,  the surge characterist ics de- 
scribed  probably  wo3d  not  have been duplicated. Furthermore, the surge 
characterist ics of a complete turbojet  engine (of which t h i s  compressbr 
rotor  may be a par t )  probably would not be the s h e  as those  reported. 

A t  point D, a single,  full-span  rotating-stall. zone was agah ob- 
served. The absolute  stall-zone speed was 96 q s  in the dbec t ion  of 
rotor  rotation. Blade vibrations were present  but  not  serious. 

Rotating stalls were also investigated at 50 percent of deeign  speed 
for decreasing w e i g h t  flows. As at 60 percent of design speed, two full- 
span rotat ing-stal l  zones were first observed, and then a single stall- 
zone condition w a s  noted. The rotational  speeds- of the stall  zones were 
65 and 60 rps, respectively,  for t he  two conditions. The disturbances 
caused by the two rotat ing-stal l  zones produced greater  blade  vibrations 
than were observed awing  operation with the  single stall zone. 

Table II summarizes the  rotating-stall   characterist ics.  The va lues  
of h'/N {rat io  of re la t ive  stall speed to   ro to r  speed) are approximately 
constant fo r  each stall condition (one o r  two s t a l l  zones). Another 
transonic  rotor (ref. 2 )  exhibited  operation  with two full-span  rotating- 
s ta l l  zones. As reported i n  reference 2, the value of hl/H waa 0.37 at 
this  condition, which agrees  closely with the values  given in   t ab le  I1 
for operation with two stall zones. . .  

Since  the  blades  vibrated more with two stall zones than w i t h  one 
stall zone, the frequency of the  disturbances  caused by the  rotating-stall  
zones w a s  compared with the natural frequency of the blades t o  determine 
whether a correlation can be made. The disturbance  frequency is the 
product Xh' of the  re lat ive  rntat ianal  speed of the stall zones and the 
number of stall zones. Klade natural  frequencies f were determined 
from a measurement of the natural frequency  while the rotor was station- 
ary from equations (188 ] and (189) of reference 12. 

The disturbance  frequencies and the  blade  natural  frequencies  are 
compared in table II by means of the r a t i o  Xh'/f. It can be  seen that 

.. - 

8 
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the disturbance frequencies  ,sssocfated  with  two-stall  operations at 60 

its, respectively, of the  blade  natural  frequency; a t  these two condi- 
tions, the largest  blade vibrations were observed. For operation with 
one stall zone, the ra t ios  of  disturbance  frequency t o  blade natural 
frequency are lower than with two stall  zones; and the result ing blade 
vibrations w e r e  considerably smaller. 

. and 50 percent of deslgn  speed  are  close t o   t h e  second  and t h i r d  harmon- 

SUMMARY OF RESULTS 

The following preliminary results were obtained f r o m  an  experimental 
investigation of a short-chord  transonic  axial-flow compressor rotor  w i t h  
double-circular-arc airfoil   blade  sections.  This rotor  was designed  and 
tested to  investigate the aerodynamic effects of using short chords and 
high aspect  ratios and to   ob ta in  m o r e  blade-element data. The rotor was 
designed f o r  a radially  constant  total-pressure  ratio of 1.35, wLth a 
design  rotor-inlet   relative  mch number at t h e   t i p  of 1.15 at a corrected 
t i p  speed of lo00 feet per  second and an inlet hub-tip r a t i o  of 0.5. 

1. The peak efficiency at design  speed, as determined  from mass- 
averaged  survey data, w a s  0.91 at a corrected  specific  weight flow of 
30 pounds per second  per square foot   f rontal  area and a mass-averaged 
total-pressure  ratio of 1.32. At the lower speeds, the peak efficiency 

d 

. was approximately 0.95. 

2, The data show tha t  the blade elements  near the r o t o r   t i p  have the 
greatest   effect  on the variations of the mass-averaged efficiency w i t h  
speed and weight flow. 

3. For this  rotor,   full-span  rotating st- i n  either one or two 
stall zones were observed;  surge at 80 percent of design speed was pro- 
duced as the weight fluw ms decreased. 

4. Blade vibrations were greater for  operation with two stall zones 
than w i t h  one stall zone. 

L e w i s  Flight  Fropulsian  Laboratory 
National  Advisory Connnittee fo r  Aeronautics 

Cleveland, Ohio, December 28, 1954 
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APPENDIX A 

SYMBOLG 

NACA RM E54231 

c 

The following symbols are used i n  th i s  report: A diagram illus- 
t ra t ing  t h e  a i r  and blade  angles and the velocit ies is presented in fig- 
ure 1 t o  more completely  define some of the symbols used. 

4 

a 

CP 

cv 

g 

H 

i 

J 

M 

N 

P 

P 

r 

T 

U 

V 

W 

z 

B 

compressor frontal area based on rotor- t ip  dlameter, 1.767 sq ft  a3 

velocity of sound, f t / s e c  

specific  heat of air at constant  pressure, Btu/(lb)('R) 

specific  heat of air a t  constant volume, Btu/(lb) (%I 

cu 
M 
ro 

acceleration due t o  gravity, 32.17 ftfsec2 

t o t a l  enthalpy, %gJT, sq ft/sec2 

incidence  angle,  angle between Net-relative-air-velocity  vector 
and tangent t o  blade mean camber line at leading edge, deg 

Joulers  constant, 778.26 ft- lblBtu 

Mach number 

rotor  rotational speed, rps 

t o t a l  pressure, lb/sq f t  

s t a t i c  pressure, ~ b / s q  f t  

radiue measured from axis of rotation, in. 

t o t a l  temperature, OR 

blade  speed, f tfsec 

air velocity, f t /sec 

w e i g h t  f low of  alr, lb/sec 

axial direction 

sir-flow angle measured from axis of rotation, deg 

. .  
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; 

y r a t i o  of‘ specific heats for air ,  cP/%, 1.40 

yo blade angle, direction of tangent t o  blade mean camber l i n e  at 
- 

leading  or trail- edge, deg 

6 r a t i o  of inlet to ta l   p ressure   to  EIACA standard t o t d  pressure, 
P1/2U7 

Eo deviation  angle,  angle between outlet-relative-air-velocity  vector 
and tangent t o  blade mean-cmber-line  angle at t r a i l i ng  edge, deg 

q temperature-rise efficiency 

0 r a t i o  of compressor-inlet t o t a l  temperature t o  W A  standard tern- 
perature, w518.6 

p stat ic   densi ty  of air, lb/cu f t  

2 
P 

K) 
I 

cp rotor-inlet  flow coefficient at mean radius, 

- 
CJJ relative  total-pressure-loss  coefficient  (ref. 7) 

- Subscripts: 

h hub 

i ideal 

m mean radius 

t t i p  of rotor 

z axial direction 

0 tangential   direction 

0 t o t a l  or stagnation  conditions 

1 depression  tank 

2 upstream of rotor,  location of inlet static-pressure rake 

3 rotor inlet 

4 rotor-outlet  survey  station 
L 
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Superscript: . . . . . . . -. . . . . - . . . .. . " ." " 

' denotes conditions relative to blade row 

. -  

- 
" 
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FROM A STREAM SURFACE TO A CYLINDRICAL S[JRFACE 

For  compressor designs i n  which the a i r  flow is assumed t o  occur 
w along stream surfaces of revolution and the blade sections are assumkd 
N t o  l i e  on the stream surfaces, some procedure for  specifying  constant- cn 
(D radius blade sections is required i n  order t o   f ac i l i t a t e   f ab r i ca t ion  of 

the  blades. The method described herein provides a means for  converting 
blade mean-camber-line angles at the inlet and out le t  of a blade from a 
stream surface  to  a cylindrical  surface. 

Figure 12 s h m  the m e a n  surface of a compressor blade - a =face 
described by the m e a n  camber l i nes  of the blade  sections. Line OA 
(fig. 12)  represents  the  intersection of the  blade mean surface  with a 
stream surface of revolution and is  a mean camber l ine of a sect ion  that  
l ies  on the  stream surface. Line represents  the  intersection of the 
blade mean surface and a cylindrical  surface. 

L Figure 1 2  a l s o  shows an enlargement of that   portion of the  blade on 
the lead.- edge in   the   v ic in i ty  of the  point 0. This region is consid- 

and all l ines   a re  assumed t o  be  straight lines. Then s t ra ight   l ines  
and ob we portions of l i nes  and a, respectively.  Furthermore,  the 
plane  defined by points 0, a, and e is a par t  of the  stream  surface of 
revolution, and the  plane  defined by points 0, b, c, and d is a section 
of the  cylindrical   surface.  The blade mean surface i s  a l s o  assumed t o  
be a plane in the enlargement i n  f igure 12 .  The preceding  assumptions, 
which are  intended  to  clarify  the  explanation, do not  impair  the rigor 
of the  method, because the  resulting  equation c d d  be obtained by con- 
sidering  tangent  planes and tangent-  lines a t  point 0. 

31 ered suff ic ient ly  s m a l l  t h a t  all curved  surfaces are assumed to   be  planes 

The angle yo (fig. 1 2 )  is the  blade mean-caniber-line direction at 
the   in le t  of the blade as determined from the  design  relative air direc- 
t ion  and the  design  value of incidence angle. This angle is measured on 
the stream surface. It is necessary t o  solve for  the  angle r:, which 
is the  direction of the  blade mean camber l i n e  on a cylindrical  surface. 
The solution i s  derived  from figure 12 as follows: 
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tan yg 

tan yo Od 

where c is the  angle between the  compressor axis and a streamline i n  
the  rd-phne (ffg. 13Cb)).  (Rotation of this  streamline  about  the c a -  
pressor  axis  generates the stream  surface of revolution.] From figure 
12, it can be seen that 

Then, substituting  equatiom (B2) and (B3) into (Bl) gives 

The problem then La the evaluation of the  angle 9 ,  which is  r e l a t ed   t o  
the sweep of the leading edge as follow: 

tan Jr = tan L t an  y," + tan M 

Substitution of equation (E) into (B4) yield8  the following: 

tan B tan M f tan yo 

tan y* = " 

0 
1 - tan L tan c 

The same equation  can  be  derived f o r  a point on the   t ra i l ing edge. 

Figure 13 further  defines  the  leading-edge (and trailing-edge) sweep 
angles and indicates  the sign convention t o  be  used in equation (B6) for  
both  the  leading and t r a i l i ng  edges of a blade. Angle M is positive 
when measured in  the  direction of rotor   rotat ion from a rad ia l   l ine .  
Angle L is positive when measured in  the direction of the a i r  flow - 
from a rad ia l  l ine .  Angle c is positive when the  radius of the stream- 
l ine  increases in the  d.irection of a b  flow. 
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The angle 8 is  determined from the assumed streadines, and the - angles L and M can  be measured with  sufficient  accuracy from approxi- 

mations of the re- and rz-projections of the blade. 
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Figure 2. - Radial variation of design r e l a t ive  
total-pressure-loss  coefficient for 1.5-inch- 
chord transonic compressor  rotor. 
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Figure 3. - Design and measured blade angles fo r  1.5-inch-chord transonic - 
compressor ro tor .  
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Figure 5. - 1.5-Inch-chord'transonic compressor rotor. 
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Figure 6. - In&mmentation used in tests of 1.5-inch-chord transonic campresmr rotor .  
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(b) Combinetion probe. 
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--radium fIaw coefficient, 9 = (v , ,& , )~  

Figure 8 .  - Adiabatic efficiency a d  work coefficient agdnet  flow coefficient 
for 1.5-inch-chord traneonic ocanpressor rotor. 
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Rotor-inlet radiu, r3, in .  

(b) Relative Mach number. 

Figure 9 .  - Coutinued. Radial variation of rotor4nlet corrli- 
t ime at  ststion 3 for 1.5-inoh-ohoril transonio o&@resCior 
rotor. 
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Rotor-Wet radinn, q, in. 

(e) Relative air angle. 

Figme 9. - Concludab. Raaial variation of rotor-inlet 00" 
tions for 1.5-inch-chord traneonic coqrammor rotor. 
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(a) Correoted t i p  speed, loo0 f e e t  per second. 

Figure 10. - Radial variation of rotor-outlet Conditians far 1.5-inch-chord 
transonic oompressor rotor.  
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Rotor-atlet  radius, r4, in. 

(b) Corrected t i p  speed, 800 f ee t  per second. 

Figure  10. - Continued. Wlal variat lm of rotar-aatlet  cmditloas for 
1.5-inch-chord tranaonlc campreasor rotor .  
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Rotor-outlet radiua, r4, in. 

(c) Corrected tip apeed, 600 feet per second. 

Figure 10. - Concluded# Radlal variation of rotor-outlet  conditions for 1.5-inch-ohord 
tranaonlo compressor rolor. 
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